SUMMARY
Neuronal dendrites are characterized by an anti-parallel microtubule organization. The mixed oriented microtubules promote dendrite development and facilitate polarized cargo trafficking; however, the mechanism that regulates dendritic microtubule organization is still unclear. Here, we found that the kinesin-14 motor KIFC3 is important for organizing dendritic microtubules and to control dendrite development. The kinesin-14 motor proteins (Drosophila melanogaster Ncd, Saccharomyces cerevisiae Kar3, Saccharomyces pombe Pkl1, and Xenopus laevis XCTK2) are characterized by a C-terminal motor domain and are well described to organize the spindle microtubule during mitosis using an additional microtubule binding site in the N terminus [1] [2] [3] [4] . In mammals, there are three kinesin-14 members, KIFC1, KIFC2, and KIFC3. It was recently shown that KIFC1 is important for organizing axonal microtubules in neurons, a process that depends on the two microtubule-interacting domains [5] . Unlike KIFC1, KIFC2 and KIFC3 lack the N-terminal microtubule binding domain and only have one microtubule-interacting domain, the motor domain [6, 7] . Thus, in order to regulate microtubule-microtubule crosslinking or sliding, KIFC2 and KIFC3 need to interact with additional microtubule binding proteins to connect two microtubules. We found that KIFC3 has a dendrite-specific distribution and interacts with microtubule minus-end binding protein CAMSAP2. Depletion of KIFC3 or CAMSAP2 results in increased microtubule dynamics during dendritic development. We propose a model in which CAMSAP2 anchors KIFC3 at microtubule minus ends and immobilizes microtubule arrays in dendrites.
RESULTS

KIFC3 Localizes to the Soma and Dendrites and Controls Dendritic Branching
In order to determine the role of KIFC3 during neuronal development, we depleted endogenous KIFC3 protein from cultured hippocampal neurons at stage 3 with short hairpin RNAs (shRNAs). The efficiency of our shRNAs was quantified by western blot (Figures S1A and S1B). KIFC3 shRNA1, shRNA2, and shRNA4 efficiently reduced KIFC3 protein levels and were subsequently used for the experiments in this study. Depletion of KIFC3 during stage 3 led to simplified dendritic arbors as determined by Sholl analysis (Figures 1A, 1B , and S1C) and shorter total dendrite length ( Figure 1C ). KIFC3 depletion did not result in significant changes in the number of total dendritic arbors or the average dendrites length ( Figures 1D and 1E ). We next performed ex vivo electroporation experiments to study KIFC3 function in the mouse cortex (Figures S1D and S1E). We found that KIFC3-depleted neurons can still migrate through the cortex but showed abnormal dendrite development ( Figure 1F ). We defined the cortical neurons into four different categories according to their morphology ( Figure 1G ). Consistent with the morphology phenotype in primary cultured neurons, the KIFC3 depletion in cortical slices leads to simplified dendritic arbors. The branching defect is rescued by shRNA-resistant KIFC3 expression ( Figure 1G ). Together, these data suggest that KIFC3 is required for the proper dendrite morphology, but not for neuronal migration.
We next determined the cellular localization of KIFC3. We found that full-length mCherry-tagged KIFC3 decorates microtubule stretches in dendrites and that it is excluded from the axon (Figures 2A and 2D ). KIFC3 preferentially co-localizes with stable microtubule bundles, marked by acetylated microtubule arrays, and less with more labile tyrosinated microtubules (Figures 2A-2C ). Recent super-resolution data showed that stable and acetylated microtubules are mostly oriented minus end out [8] . Therefore, our data suggest that KIFC3 associates with bundles of mostly minus-end-out-oriented stable microtubules. KIFC3 consists of three N-terminal coiled-coil domains and a C-terminal motor domain ( Figure 2G ). Because kinesin-14 family (legend continued on next page) members are minus-end-directed motors, the axon exclusion of full-length KIFC3 could be the result of retrograde motor activity in the axon toward the cell body. To test this, we generated five truncation mutants that lack the motor domain, from KIFC3-N1 to KIFC3-N5 ( Figure 2G ). KIFC3-FL ( Figure 2D ) and KIFC3-N1 ( Figure 2E ), but not the shorter KIFC3-N2 ( Figure 2F ) and -N5 (data not shown), localized specifically to the somatodendritic compartment ( Figure 2H ). These data suggest that the axonal exclusion of KIFC3 is not due to its motor domain. Unfortunately, the anti-KIFC3 antibodies that worked on western blot did not give specific endogenous KIFC3 staining in neuronal cultures.
In the next section, we applied the HITI CRISPR knockin system to integrate a tag into the endogenous KIFC3 gene [9] .
KIFC3 Interacts with Minus-End Binding Protein CAMSAP2
To investigate the role of KIFC3 in dendrite development, we performed KIFC3 pull-down experiments from brain lysates followed by mass spectrometry to identify binding partners. GFPtagged KIFC3 full length, KIFC3-N1, and KIFC3-N3 with a BirA recognition site together with the biotin ligase BirA were expressed in HEK293 cells and were used as bait for a pull-down from brain extracts. GFP protein was used as negative control. Several potential KIFC3-associated proteins were identified by mass spectrometry, including several cytoskeleton proteins, such as the microtubule minus-end binding protein CAMSAP2 (Table S1 ). CAMSAP2 is known to protect and stabilize free microtubule minus ends and is required for neuronal polarity and development [10] . To further validate the interaction between KIFC3 and CAMSAP2, we performed additional pulldown experiments. KIFC3 full length was used as bait and pulled down endogenous CAMSAP2 from HEK293T ( Figure 2I ). The interaction was not specific to CAMSAP2, because we found that KIFC3 can also pull down the other two CAMSAPs family members ( Figure 2J ). Expression of full-length GFP-tagged KIFC3 in COS7 cells ( Figure S2A ) or cultured neurons (Figure S2C) and co-staining for endogenous CAMSAP2 revealed strong overlap between both proteins. The localization of endogenously tagged KIFC3 is very similar to the full-length mCherry-KIFC3 (Figures 2A and 2D ) and reveals specific microtubule staining in dendrites ( Figure S2D ). Endogenous KIFC3 and endogenous CAMSAP2 coincide along microtubule stretches in cultured neurons. Similar result was observed in live neurons co-expressed with mCherry-tagged KIFC3 and 3GFP-tagged CAMSAP2 (Video S1). To identify the minimal domains required for the KIFC3-CAMSAP2 interaction, we performed pull-down experiments using truncated KIFC3 constructs ( Figure 2G ). Specifically, the second coiled-coil domain of KIFC3 (mCherry-KIFC3-N4) pulls down full-length CAMSAP2 ( Figure 2K ). Consistently, mCherry-KIFC3-N4 and GFP-CAMSAP2 markedly coincide in COS7 cells ( Figures S2E and S2F ). On the CAMSAP2 side, the second and third coiled-coil domain (GFP-CAMSAP2-N2 and -N3) co-localized with KIFC3, but not the C terminus or other N-terminal fragments ( Figures S2B and S2G-S2J ). Altogether, these results suggest that KIFC3 uses its second coiled-coil domain to bind to the second and third coiled-coil domain of CAMSAP2. As a member of kinesin 14 family, the C-terminal motor domain drives KIFC3 in toward the microtubule minus ends. In this way, CAMSAP2-through its interaction-may capture KIFC3 at the microtubule minus ends. To test this, we performed microtubule-severing experiments in COS7 cell expressing both CAMSAP2 and KIFC3 (Figures 2L and 2M; Video S2). We found that KIFC3 and CAMSAP2 co-localize at new generated microtubule minus ends after cutting. These data suggest that KIFC3 accumulates at microtubule minus ends together with CAMSAP2.
KIFC3 and CAMSAP2 Regulate Microtubule Density and Dynamics in Dendrites
We next tested the role of KIFC3 and CAMSAP2 in dendritic microtubule organization. Depletion of KIFC3 or CAMSAP2 causes a marked reduction in total microtubules and stable and dynamic microtubules, as marked by a-tubulin and acetylated and tyrosinated tubulin, in dendrites of day in vitro 11 (DIV11) neurons ( Figures 3A-3C ), suggesting that both KIFC3 and CAMSAP2 control microtubule density in dendrites. KIFC3 expression also reduced the intensity of tyrosinated tubulin in dendrite but hardly affects the acetylated-tubulin staining (Figure S3A ). Next, we determined the dynamics and orientation of dendritic microtubules using the microtubule plus-end marker, GFP-MACF18 ( Figure 3D ). KIFC3 depletion, using two independent shRNAs, strongly increased the number of retrograde MT+TIP comets tagged by GFP compared to control neurons ( Figures 3E and 3F ). This effect was rescued by full-length KIFC3, but not KIFC3-CC-MD lacking the CAMSAP2 interacting N-terminal region ( Figures 3H and 3I ). We next tested whether the KIFC3 motor activity is required for this effect and generated, based on the KIF5B rigor mutation [11] , a KIFC3(396T-N) rigor mutant, which cannot walk but still binds to microtubules ( Figures S3B and S3C). The KIFC3 rigor mutant did not rescue the KIFC3 knockdown phenotype ( Figure 3J ), suggesting that the KIFC3 motor activity is required for regulating dendritic microtubule dynamics. The number of retrograde comets was also increased upon CAMSAP2 depletion; however, in contrast to KIFC3 shRNAs, the number of anterograde comets was reduced ( Figure 3E ), suggesting that CAMSAP2 has additional function in dendrites. To assess total microtubule polarity (dynamic and stable), we quantified minus-and plus-end-out microtubules after laser photoablation to generate new plus ends [10] . This showed no difference in microtubule orientation between control and KIFC3-and CAMSAP2-depleted neurons ( Figure 3F ). To determine whether the KIFC3-CAMSAP2 interaction is important to regulate microtubules dynamics, we generated a CAMSAP2-KIFC3 chimeric construct, which is a direct fusion between the CAMSAP2 minus-end binding domain (CAMSAP-MD-CKK) and the KIFC3, the third coiled-coil, and motor domain (KIFC3-CC-MD; Figure 3G ). Although the individual KIFC3-CC-MD and CAMSAP2-MD-CKK constructs were not able to rescue the knockdown phenotype, the chimera fully rescued the microtubules dynamics alterations after KIFC3 depletion ( Figure 3I ). These results suggest that the KIFC3-CAMSAP2 interaction is required for proper microtubule dynamics in dendrites.
KIFC3 Prevents Microtubule Mobility in Dendrites
We next tested whether KIFC3 and CAMSAP2 control the stability of microtubule bundles in dendrites. Neurons were transfected with photoactivatable GFP-a-tubulin, mCherry-a-tubulin, and either control, KIFC3, or CAMSAP2 shRNA. Segments of 15 mm in the middle of the dendrites were photoactivated and imaged over 3 h (Figures 4A and 4C; Video S3). In wild-type neurons, retrograde displacement of the photoconverted region was observed; only~25% of the neurons displayed microtubule bundle elongation (longer than 0.8-mm elongation) of the photoconverted region ( Figure 4B ). However, upon KIFC3 or CAMSAP2 knockdown, the dendritic microtubule bundles became dynamic; in~80% of the neurons, the photoactivated region elongated and moved toward the soma (Figures 4A-4C and S3D-S3J). The microtubule displacement can be rescued by KIFC3 or KIFC3-CAMSAP2 chimera expression ( Figure 4D ). These data suggest that the interaction between KIFC3 and CAMSAP2 immobilizes microtubule arrays in dendrites (Figure 4E) . We next tested the KIFC3-rigor mutant and microtubule stabilization agent Taxol treatment in these experiments.
Interestingly, both conditions could rescue the displacement phenotype ( Figure 4D ), suggesting KIFC3 motor activity is not required for microtubule crosslinking and bundling. All together, these results suggest KIFC3 and CAMSAP2 are important for microtubule stabilization and immobilization in dendrites.
DISCUSSION
In epithelial cells, KIFC3 was found to localize to the zonula adherens (ZA), a specialized cadherin-based structure found at the contacts between cells [12] . The localization of KIFC3 depends upon pleckstrin-homology-domain-containing family A member 7 (PLEKHA7), CAMSAP3, and microtubules. Depletion of any of these factors resulted in disorganized ZA, suggesting that KIFC3 may provide a structural link between microtubules and the ZA at epithelial cell-cell junctions [12] . Alternatively, KIFC3 may play a role in cargo transport required for ZA formation. Consistent with a role in trafficking in epithelial cells, KIFC3 has also been described to transport annexin XIIIb to the apical membranes and the ubiquitin-specific protease 47 (USP47) to the adherens junction [13, 14] . Moreover, KIFC3 has been postulated to participate in positioning of the Golgi apparatus under cholesteroldepleted conditions [15] . Here, we found that KIFC3 in neurons has a more structural role by working together with minus-end binding protein CAMSAP2 to organize dendritic microtubules.
The CAMSAP/Patronin/Nezha family has been characterized previously and found to specifically recognize microtubule minus ends and stabilize microtubules against depolymerization [16] . In Drosophila, the CAMSAP family member, named Patronin, associates with free microtubule minus ends and inhibits their disassembly by the action of the kinesin-13 microtubule depolymerase [17] . In mammals, all three CAMSAP family members recognize growing microtubule minus ends, and CAMSAP2 and CAMSAP3 form stretches that are stably deposited on the MT lattice generated by minus-end polymerization [18, 19] . In worms, loss of the CAMSAP homolog PTRN-1 caused alterations in neuronal morphology and synaptic vesicle localization For all pull-down experiments, the input is 25% of the biotin pull-down. CAMSAP2 was found from KIFC3 pull-downs with brain extracts (Table S1 ). The interaction is also proved by co-localization experiment in neurons and COS7 cells ( Figure S2 ; Video S1). (legend continued on next page) [20] [21] [22] and also affected the axonal regeneration after injury [23] . In mammalian neurons, CAMSAP may stabilize shortmicrotubule stretches to serve as seeds for microtubule re-growth [10] . We propose a model in which CAMSAP2 anchors KIFC3 at microtubule minus ends and immobilizes microtubule arrays in dendrites. KIFC1 has been found to slide microtubule during cell division [24] . In vitro, KIFC1 could form bundles and aster shape microtubules by joining microtubule minus ends together and create higher order microtubule organization of the axonal microtubule [6] . In neurons, KIFC1 was found to organize axonal microtubules using a second microtubule binding domain [5] . Unlike KIFC1, KIFC3 does not have the second microtubule binding domain required for crosslinking microtubules. The KIFC3 association with CAMSAP2 may provide the additional microtubule binding site to form microtubule bundles. Recently, it was suggested that KIFC3 may form a tetrameric kinesin through its tail interactions in vitro [25] . The potential interaction between tetrameric KIFC3 and CAMSAP2 is not inconsistent with our model. The KIFC3-rigor mutation was not able to rescue the KIFC3 knockdown phenotype, suggesting that KIFC3 motor activity is important for dendritic microtubule organization. The force generated by the KIFC3 motor domain may facilitate bundle formation and crosslink microtubules together. Microtubule bundling and crosslinking by the KIFC3-CAMSAP2 interaction could prevent microtubule sliding driven by other motor proteins. This model is consistent with the observation that microtubule mobility and sliding was increased in KIFC3-and CAMSAP2-depleted neuron.
Recent super-resolution experiments suggest that microtubules with the same orientation are bundled in dendrites [8] . Stable and acetylated microtubules are mostly oriented minus-end out, although dynamic and tyrosinated microtubules are oriented oppositely. We found that KIFC3 prefers acetylated microtubules in dendrites, which suggests KIFC3 may recognize minus-end-out microtubules. It is tempting to speculate that the KIFC3-CAMSAP2 interaction may preferentially stabilize minus-end-out microtubules in dendrite. Consistently, in KIFC3depleted neurons, microtubule acetylation was decreased and minus-end-out microtubules showed increased dynamics. Some kinesins are reported to be directly sensitive for microtubule modifications, which may influence their activity in neurons [26, 27] . However, building a coherent model of how microtubule modifications influence KIFC3 function and microtubule organization will require additional work.
Together, our data provide new insights in dendritic microtubule organization. We propose a model in which CAMSAP2 anchors KIFC3 at microtubule minus ends to immobilize microtubule arrays in dendrites. Parallel mechanisms could play additional roles in organizing microtubule dynamics. For example, recently, APC2, the brain-specific homolog of tumor-suppressor protein adenomatous polyposis coli (APC), has been shown to promote minus-end-out microtubule dynamics in dendrites [28] . Recent developments in super-resolution and single-molecule imaging techniques could be applied to further investigate neuronal microtubule structure.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
EXPERIMENTAL MODEL AND SUBJECT DETAILS Animals
All animal experiments were performed in compliance with the guidelines for the welfare of experimental animals issued by the Federal Government of the Netherlands, and were approved by the Animal Ethical Review Committee (DEC) of Utrecht University (permit number 2014.I.03.020 and AVD1080020173404).
Cell line culture and transfection HEK293T were used for biochemistry experiments and cultured in DMEM/Ham's F10 (50:50) supplemented with 10% FCS and 1% penicillin/streptomycin at 37 C and 5% CO2. HEK cells were transfected with PEI (Polyethylenimine HCl MAX Linear MW 40000 (PolySciences, 24765-2)). Cells were spitted 24hour before transfection with 1:3 dilutions. The next day, PEI (1 mg/mL): DNA (1 mg/mL) (3:1) were mixed in Ham's F10 and incubated for 5 minutes at room temperature. The mixture was added to cells and incubated overnight. Cells were harvest after 24 hours for the pull-down experiments. COS7 cells were used for localization studies and cultured in DMEM supplemented with 10% FCS and 1% penicillin/streptomycin at 37 C and 5% CO2. For immunocytochemistry experiments, COS7 cells were transfected with FuGENE6. Cells were spitted 24hour before transfection with 1:5 dilutions. The next day, Fugene6: DNA (1 mg/mL) (3:1 vol) were mixed in DMEM and incubated for 5 minutes at room temperature. The mixture was added to cells with DMEM empty medium and incubated for 30mins. Then, the empty medium was replaced by the full culture medium. Cells were fixed after 24 hours for staining and imaging. All cell lines were routinely tested negative for mycoplasma.
Primary neuron culture and transfection
Primary hippocampal neurons were prepared from embryonic 18 rat brain, dissociated with Trypsin at 37 degree and plated on coverslips pre-coated with Poly-L-lysine (37.5 mg/ml, Sigma) and Laminin (1.25 mg/ml, Sigma). Neurons were cultured in Neurobasal medium (Invitrogen) containing 2% B27 (Invitrogen), 0.5 mM glutamine (Invitogen), 15.6 mM glutamate (Sigma) and 1% penicillin/ streptomycin (Invitrogen) at a density of 100,000/coverslip.
All neurons were transfected with Lipofectamine 2000 (ThermoFisher, 11668019) mixed with proper DNA. For knock-down experiments, neurons were transfected 3 days before fixation with 1.5 mg shRNA constructs and 0.5 mg pbactin-GFP construct as fill or 0.25 mg GFP-MT+TIP to visualize microtubule plus-end tips per well. And for normal overexpression experiments, neurons were transfected 24 hours before fixation with 1 mg in total specified constructs. First, neurons were incubated with the mixture in NB with 15.6 mM glutamate at 37 C in 5% CO2 for 45 minutes. Washed once with NB and then neurons were transferred to their original medium.
Neuron transfected with CRISPR knock-in construct at DIV4 and fixed at DIV11. GFP was knocked in rat genomic DNA after KIFC3 coding sequence. GFP antibody was used to enhance signal and Trim46 were stained to visualize AIS.
Ex vivo electroporation and organotypic brain slice cultures Pregnant C57BL/6 mice at E14.5 were sacrificed by cervical dislocation. Embryonic mice brains were electroporated with 1.5ml DNA mixture containing a MARCKS-GFP together with pSuper-scrambled, KIFC3 shRNAs, or KIFC3 shRNA in the presence of KIFC3 as rescue. The DNA mix was dissolved in MQ with 0.05% FastGreen FCF Dye (Sigma) and injected in the lateral ventricles of the embryonic brains by using borosilicate glass micro-pipettes (World Precision Instruments) and a PLI-100A Picoliter Microinjector (Warner Instruments). The electroporation was conducted using platinum plated electrodes (Nepagene) with an ECM 830 Electro Square Porator (Harvard Apparatus) which was set to 3 unipolar pulses of 100ms at 30V with 100ms intervals. Embryonic brains were then isolated and collected in ice-cold cHBSS, embedded in 3% SeaPlaque GTG Agarose (Lonza) in cHBSS and sectioned coronally into 300 mm thick slices using a VT1000 S Vibratome (Leica). Slices were collected on Poly-L-lysine and Laminin-coated culture membrane inserts (Falcon), placed on top of slice culture medium (70% v/v Basal Eagle Medium, 26% v/v cHBSS, 20mM D-glucose, 1mM L-glutamine, 0.1 mg/mL penicillin/streptomycin) and cultured 4 days prior to fixation.
METHOD DETAILS
DNA and shRNA constructs CAMSAP2 shRNA has been previously described [10] . All KIFC3 shRNAs target sequences and CRISPR KI target sequences were shown in Table S2 .
Bio-mCherry [30] and Bio-GFP-N1 [31] vectors are gifts from Dr. Anna Akhmanova (Utrecht University). The following plasmids have been described: pbactin-GFP, pGW1-GFP [32] , pSuper vector [33] , pbactin-GFP-FRB, pGW1-PEX-RFP-FKBP [34] , proteinbiotin ligase BirA [35] , GFP-MT+TIP, mCherry-a-tubulin, GFP-CAMSAP1, GFP-CAMSAP2, GFP-CAMSAP3, GFP-CAMSAP2-CC-CKK and 3GFP-CAMSAP2 has been described [10] .
For the dox-inducible PA-GFP-a-tubulin construct, Transactivator (rtTA2-M2) is taken from pSIN-TRE-S [37] and it is inserted after CMV promoter. a-Tubulin with photoactivatable GFP tag is sub-cloned from PA-GFP-a-tubulin construct described before [38] .
Immunofluorescence fixation and staining Extraction, fixation and immunocytochemistry were performed as previously described [42] . For COS7 without staining, cells were fixed in 4% paraformaldehyde, washed 3 times in PBS. For COS7, which need to be stained, cells were further permeabilized with 0.25% Triton X-100, blocked with 2% w/v bovine serum albumin (BSA) in PBS and incubated with primary antibodies in PBS with 2% BSA overnight at 4 degree.
For neurons, cells were fixed with 4% PFA (paraformaldehyde) for 10-15 minutes, washed 3 times with PBS (phosphate buffer saline), and incubated with primary antibodies in GDB buffer (0.2% BSA, 0.8 M NaCl, 0.5% Triton X-100, 30 mM phosphate buffer) overnight at 4 degree. For super-resolution imaging, cells were incubated for 90 s in an extraction buffer preheated at 37 C (80 mM pipes, 2 mM MgCl2, 1 mM EGTA, 0.3% Triton X-100 and 0.25% glutaraldehyde, pH 6.9), followed by incubation with 4% PFA preheated at 37 C for 10 minutes. Neurons were further permeabilized with 0.25% Triton X-100 and blocking was performed with 2% w/v bovine serum albumin (BSA), in PBS, pH 7.4. Primary antibodies were incubated overnight at 4 degree in blocking buffer.
For neurons and COS7, secondary antibodies were incubated 1 hour at room temperature. Mowiol or Vectashield mounting medium was used for mounting.
Slice immunofluorescence and imaging
Organotypic slices were fixed with 4% paraformaldehyde in PBS. Fixed slices were then permeabilized and blocked in 10% normal goat serum/0.2% Triton X-100/PBS. GFP signal was amplified by incubating with anti-GFP antibody overnight, followed by secondary Alexa 488 antibody and DAPI incubation overnight. Slices were washed 4 times for 15 min in PBS. Slices were mounted using Vectashield mounting medium (Vector Laboratories) with DAPI. Z stack acquisitions were taken along dorsal telencephalon covering the transfected area using a LSM700 (Zeiss) confocal microscope equipped with a Plan-Apochromat 20x NA 0.8 objective with a 0.5x magnification.
Laser Scanning Confocal and STED microscopy After immunofluorescence staining, neurons and COS7 cells were imaged using Zeiss LSM700 confocal laser scanning microscope with 63x NA 1.4 oil objective. Gated STED imaging was performed with Leica TCS SP8 STED 3 3 microscope using HC PL APO 3 100/1.4 oil STED WHITE objective.
Live cell imaging
All the live imaging was performed on a Nikon Eclipse TE2000E inverted microscope equipped with Evolve 512 EMCCD camera (Roper Scientific), spinning disk confocal (Roper Scientific), incubate chamber (Tokai Hit) and MetaMorph 7.7.5 software (Molecular Device) was used for all the live imaging experiments. GFP-MT+TIP tracking GFP-MT+TIP construct was co-transfected with proper shRNA in DIV9 neurons and imaged at DIV12. Around 20 mm region was selected from middle proximal dendrites and imaged with 1frame/second for 5 minutes. ImageJ plugin KymographWideSlice was used to analyze microtubule comets movement.
Photo-ablation experiments in neurons
A Teem Photonics 355 nm Q-switched pulsed laser was used for photo-ablation on the described spinning disk microscope. For microtubule orientation experiments, microtubules were photo-ablated in proximal dendrites and the 10 mm region before and after was imaged with 1 frame/second for 5 minutes. Microtubule photo ablation in COS7 COS7 cells were transfected with 3GFP-CAMSAP2 and mCherry-KIFC3. 100nM of SIR-tubulin (Spirochrome) was added to the medium and incubated overnight to visualize microtubules. Cells were imaged using Eclipse 80i(Nikon) microscope equipped with an Apo 100x 1.49 N.A. Oil objective Photometrics Evolve 512 EMCCD camera (Roper scientific) and perfect focus system and iLas2 laser illumination system (Roper Scientific France).
The 532nm Q-switched pulsed laser (Teem Photonics) was used for photoablation. Microtubules were severed using 532 nm laser and then imaged with 7 s intervals for total 5 min to track CAMSAP2 and KIFC3 localization at microtubule minus end.
Photoactivation experiments
The Dox-inducible PA-GFP-a-Tubulin with proper shRNAs was co-transfected in DIV9 neurons and Doxycycline was added the next day. Neurons were imaged at DIV12. Photoactivation of PA-GFP-a-Tubulin was performed on the FRAP setup and 405 nm laser was used for activation. Around 15 mm regions were selected from middle dendrite and it was imaged every 15minutes for 3 hours. The elongation of the selected region during imaging is regarded as microtubule sliding.
QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical details including the definitions of n, numbers of n and statistical tests performed can be found in each Figures and Figure legends. GraphPad were used for graphs and statistics. t test (column graph) or 2-way Anova (line graph) test was performed for statistics and p < 0.05 was considered significant (*p < 0.05; **p < 0.01; *** p < 0.001.). Image processing and analysis were performed by using ImageJ. Secondary structure of KIFC3 was defined by using SMART (Simple Modular Architecture Research Tool; at EMBL) and COILS (Prediction of coiled coil regions in proteins, Lupas's method, at EMBnet-CH).
